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The photocatalytic generation of highly reactive oxygen species (ROS) such as H,O, and "OH, using
molecular oxygen without sacrificial reagents or metal catalysts, is a significant challenge. To address
this, we introduce a novel approach by adding a second perfluoroarene layer to arene—perfluoroarene
cocrystals, which enhances the dipoles between the w-hole and w-donor layers, thereby increasing the
internal electric field (IEF) and improving charge separation. We successfully synthesized a series of
perfluorocarbazole derivatives through a Pd-catalyzed C-Br/C—F amination reaction. Three cocrystals,
Pe—-FPC (1:2), Pe-FMC (1:2), and TP-FPC (1:1) were synthesized, with Pe—FPC (1:2) exhibiting
exceptional photocatalytic activity. Pe—FPC (1:2) effectively degrades RhB, MB, and Eosin B in a short
time period under air, demonstrating excellent stability over seven cycles. It also catalyzes the oxidation
of aromatic and aliphatic aldehydes to carboxylic acids, outperforming small-molecule catalysts in
aqueous-phase reactions. Mechanistic studies show that h*, *O,~, "OH, 0O,, and H,O, synergistically

contribute to the photoinduced oxidation process. The Pe—FPC (1:2) cocrystal also shows a high H,O,

iig:gé% 1285&/'\\5:62%25 production yield (2640 pmol h™! gfl), with enhanced surface potential and a lower photoluminescence
lifetime, confirming the improved IEF and charge separation. This work validates our hypothesis that

DOI: 10.1039/d55c02837) introducing a second perfluoroarene layer enhances photocatalytic efficiency, opening new avenues for
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Introduction

The worsening climate crisis and the rapid depletion of natural
resources have driven the pursuit of sustainable technologies."?
Among these, photocatalysis has gained significant attention as
an effective approach for utilizing solar energy to produce fuels
and chemicals. In particular, photocatalytic technology stands
out as a highly promising method for water pollutant degra-
dation and energy storage, as it efficiently harnesses molecular
oxygen, sunlight, and other renewable resources.*® Central to
photocatalytic oxidation processes is the generation of reactive
oxygen species (ROS), particularly hydroxyl radicals (‘OH),
which exhibit unparalleled oxidative power for decomposing
organic pollutants and enabling energy-carrying chemical
transformations.”® However, producing 'OH selectively and
efficiently remains challenging. The direct oxidation of water to
‘OH by photogenerated holes is thermodynamically
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the design of high-performance photocatalysts for energy and environmental applications.

unfavorable because of the high electrode potential of the H,O/
‘OH system (2.38 V vs. NHE).'!* To overcome this limitation,
researchers have focused on alternative pathways, such as the in
situ photodecomposition of hydrogen peroxide (H,0,).***** For
practical applications, photocatalysts must simultaneously
achieve two goals: high H,0, production yields and efficient
decomposition into ‘OH, while maintaining robust charge
separation and electron transfer kinetics.

A fundamental challenge in photocatalysis lies in the ultra-
fast timescales of critical processes.'*'> Electron-hole (e -h")
pairs form within femtoseconds of photon absorption but
recombine within picoseconds unless effectively separated and
transported to catalytic sites.'*® Maximizing photocatalytic
efficiency requires effective charge separation and suppression
of charge recombination (Fig. 1a). Traditional strategies to
suppress recombination—such as heterojunction design, phase
engineering, and elemental doping—have shown limited
success.*'”**?' These methods often suffer from interfacial
energy losses and insufficient driving forces for charge
migration.

Recent advances highlight internal electric field (IEF) engi-
neering as a transformative solution. Built-in electric fields can
spatially separate charges and direct their flow both within the
bulk and at the surface of photocatalysts, significantly
enhancing  photocatalytic  efficiency.”*” In  organic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Schematic representation of the photocatalytic oxidation and reduction half-reactions under illumination and recombination of

electrons (e7) and holes (h*). VB: valence band, CB: conduction band. (b) Comparative illustrations of assemblies featuring intermolecular dipole
(previous work) and boosted photocatalytic ROS formation via IEF enhancement, achieved by enlarged dipole (as presented in this study). (c)

Cocrystallization schemes of Pe-FPC, Pe—FMC and TP-FPC.

photocatalysts, IEF strength can be amplified through molec-
ular dipole engineering. This involves introducing substituents
with contrasting electronegativities to manipulate electron
density distributions.”**® The choice of substituents, especially
those with varying electronegativities, has a profound impact on
the electronic distribution and molecular dipole moment of
organic photocatalysts. By strategically selecting appropriate
substituents based on the electronic structure of the modified
photocatalyst, both the molecular dipole and IEF can be
significantly strengthened.”**® For example, Zhu et al. devel-
oped carboxyl-functionalized perylene diimide (PDI) nanofibers
that leverage dipole-induced IEFs.*® The combination of
terminal carboxyl moieties and the electron-deficient perylene
core contributed to the formation of an internal electric field,
which in turn facilitated charge carrier migration and separa-
tion. This supramolecular system achieved metal-free photo-
catalytic water oxidation, demonstrating the potential of
tailored molecular design.

Organic cocrystals provide a versatile platform for opti-
mizing photocatalytic properties. These materials are assem-
bled through noncovalent interactions—such as 7-7 stacking,
hydrogen bonding, and halogen bonding—enabling precise
control over molecular organization.** These multi-
component systems enable the creation of well-ordered
molecular architectures with customizable physicochemical
properties that are often unattainable in single-component
materials. Notably, cocrystals have demonstrated significant
promise in the development of advanced photocatalysts,
exhibiting superior attributes such as enhanced electrical
conductivity, ferroelectric behavior, and improved light
absorption.**?*? By carefully selecting molecular components,
researchers can precisely tailor cocrystal properties, offering

© 2025 The Author(s). Published by the Royal Society of Chemistry

a strategic pathway toward next-generation photocatalytic
materials.

A key noncovalent interaction leveraged in these cocrystals is
the arene-perfluoroarene (A-P) interaction, which arises from
electrostatic attraction between fluorinated and non-fluorinated
aromatic molecules.*®** Many perfluoroarenes, such as octa-
fluoronaphthalene (OFN), readily form stable 1:1 molecular
complexes with arenes, adopting a nearly parallel stacking
arrangement in the solid state.**** The electronegative nature of
perfluoroarenes, featuring an electrophilic 7-hole, alters the -
electron distribution of arenes, inducing polarization and
generating a strong intermolecular dipole moment within A-P
pairs.***® This increased dipole interaction strengthens the
internal electric field (IEF), thereby facilitating the separation
and transport of photogenerated charge carriers in spatially
confined regions. For instance, Xiong and colleagues incorpo-
rated OFN into 1:1 cocrystals with an anthracene derivative,
where OFN prevents electron exchange between fluorophores,
enhancing emission efficiency.* It also acts as an electrophilic
center (m-hole), altering m-electron distribution in arenes and
creating a strong dipole moment between AP pairs. This resul-
ted in a photocatalytic hydrogen evolution reaction (HER) rate
of 2.45 mmol g ' h™', 15.2 times higher than the self-assembled
anthracene derivative monomers.”®> Wang and coworkers
adopted a similar approach, preparing 1:1 cocrystals of OFN
with 9,10-dimethylanthracene (DMA) and perylene (Pe), which
enhanced the internal electric field, improving charge separa-
tion and photocatalytic degradation efficiency.**

While A-P interactions have been shown to effectively
enhance internal electric fields (IEF), current A-P systems face
two critical limitations. First, the predominance of 1:1 A-P
configurations in current studies limits the maximal IEF
intensity achievable through dipole stacking. Second, the
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limited availability of stable perfluoroarene building blocks
hinders the exploration of higher-order cocrystals. For instance,
1:2 A-P configurations—which could theoretically intensify
IEFs through multi-layer dipole alignment—remain largely
unexplored (Fig. 1b). This gap contrasts sharply with inorganic
photocatalysts like bismuth semiconductors, where layered
dipolar structures naturally create strong IEFs.**** Addressing
these limitations, we aim to develop a novel 1:2 arene-per-
fluoroarene cocrystal system engineered. By introducing an
additional perfluoroarene layer into conventional A-P (1:1)
assemblies, we amplify the IEF through synergistic dipole-
dipole interactions, achieving unprecedented photocatalytic
performance. However, the available selection of per-
fluoroarenes is still limited, with 1:1 arene-perfluoroarene
complexes being the most common. The rarer 1:2 configura-
tions are largely unexplored.”*>® To overcome this limitation, we
synthesized a novel series of perfluorocarbazole (PFC) deriva-
tives that not only expand the perfluoroarene library but also
facilitate the formation of both 1:2 and 1:1 arene-per-
fluoroarene cocrystals (Fig. 1c). This design amplifies the IEF
through synergistic dipole-dipole interactions, mimicking the
layered dipole alignment in inorganic semiconductors. Among
them, Pe-FPC (1:2) achieves efficient H,0, and "OH produc-
tion. This results in exceptional performance in the photo-
degradation of dye pollutants and the photo-oxidation of
aldehydes to carboxylic acids. Our findings highlight that the
introduction of an additional perfluoroarene layer by forming
1:2 arene-perfluoroarene cocrystal is an effective strategy to
enhance internal electric fields, leading to an excellent H,0,
production rate of 2640 pmol g~' h™" without any sacrificial
agents or metal catalyst under air atmosphere. Additionally, Pe—
FPC exhibited over 90% degradation efficiency of Rhodamine B
(RhB) within 15 minutes under visible light. The catalyst also
demonstrated excellent stability, maintaining its catalytic
activity after seven degradation cycles without any noticeable
decline. This stability is likely attributed to the presence of three
types of weak supramolecular interactions—C-H---F, C-H--"N,
and C-H---w—within the cocrystal, which reinforce its robust-
ness during the catalytic process. Furthermore, the AP cocrystal
catalyzed the aerobic oxidation of both aromatic and aliphatic
aldehydes into carboxylic acids in aqueous media under mild
conditions.

Results and discussion
Optimization substrate scope

Initially, we focused on synthesizing perfluorocarbazoles, as
carbazole derivatives are well-known for their promising opto-
electronic properties, including high quantum yields, excellent
charge carrier mobility, and exceptional thermal and photo-
chemical stability. We began by attempting a cascaded coupling
reaction between 2-bromo-2’,3,3',4,4',5,5’,6,6’-nonafluoro-1,1'-
biphenyl (1) and aniline (2a). The first trial, employing Pd(OAc),
as the catalyst and XPhos as the ligand in toluene at 110 °C, did
not result in any product formation (Table 1, entry 1). Subse-
quent ligand screening identified RuPhos as an effective ligand,
yielding the target product 3a in 23% yield (entries 2-4). Further
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Table 1 Reaction condition screening®

[Pd], ligand, base
e e,

+  Ph-NH,
toluene, Np, 110°C

2a
Entry [Pd] Ligand Base Yield® (3a, %)
1 Pd(OAc), XPhos ‘BuONa’ 0
2 Pd(OAc), ‘BuXPhos ‘BuONa 0
3 Pd(OAc), DCPF ‘BuONa Trace
4 Pd(OAc), RuPhos ‘BuONa 23
5 Pd(dba), XPhos ‘BuOK 60
6 Pd(dba), XPhos ‘BuONa 75
7 — XPhos ‘BuONa Trace
8 Pd(dba), — ‘BuONa Trace
9 Pd(dba), XPhos — 0

%1 (0.05 mmol), 2a (0.06 mmol), [Pd] (5 mol%), ligand (5 mol%), base
(3 equiv.), 1 atm N,, toluene (1 mL), 110 °C, 12 h. ” Base (2 equiv.).
¢ Isolated yields.

optimization of the catalytic system revealed that Pd(dba),,
combined with XPhos, improved the yield to 60% (entry 5).
Additionally, replacing ‘BuOK with ‘BuONa as the base led to
a further increase in yield to 75% (entry 6). Control experiments,
conducted without the Pd catalyst or phosphine ligands,
produced only trace amounts of 3a, highlighting the critical role
of the Pd catalyst and phosphine ligands in driving the reaction
(entries 7 and 8). In the absence of a base, no product was
formed, thus establishing that “BuONa is essential for driving
this reaction (entry 9, see the ESI{ for details).

The substrate scope of perfluorocarbazoles was systemati-
cally investigated under the optimized reaction conditions
(Table 2). Arylamines bearing both electron-donating groups,
such as methoxy and amino, and electron-withdrawing
substituents, such as chloro and bromo, reacted with 1 to
afford the corresponding perfluorinated carbazoles 3b (FMC)-3e
in moderate yields (53-62%). Notably, 3-aminopyridine and
pentafluoroaniline were also well-tolerated, giving products 3f
and 3g in yields of 59% and 83%, respectively. Of particular
interest is the preservation of the bromo group in product 3e
under palladium-catalyzed conditions, providing a functional
handle for subsequent derivatization. The absolute structures
of 3f and 3g were unequivocally determined by X-ray crystal-
lography (see ESIt for details). As shown in the crystal structure
(Fig. S11), C-H--*F, F---F, and -7 interactions were observed in
the polyfluorinated carbazole derivative 3f (FPC), with C-H:--F
and F---F distances of 2.64 A and 2.94 A, respectively, and an
interplanar distance of 3.37 A between the perfluorocarbazole
rings.

Cocrystal preparation and structure

With the synthesized perfluorocarbazoles in hand, we pro-
ceeded to fabricate AP cocrystals by selecting Pe (perylene) or
triphenylene (TP) as m-donors, and FPC or FMC as w-hole

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Pd(dba),, XPhos

BUONa, toluene
N,, 110°C

3g: 83%°

(0~
e
F
FF

3c: 62%°

&

X-ray of 3g X-ray of 3f

1 (0.05 mmol), 2 (0.06 mmol), Pd(dba), (5 mol%), XPhos (5 mol%), ‘BuONa (3 equiv.), 1 atm N,, toluene (1 mL), 110 °C, 2 h. ? Isolated yields.
¢ XantPhos (5 mol%). ¢ Pd(OAc), (5 mol%), XantPhos (5 mol%). ® XantPhos (5 mol%), Cs,CO; (3 equiv.).

acceptors. Single-crystal X-ray diffraction (XRD) analysis
revealed that the Pe-FPC and Pe-FMC cocrystals exhibit a 1:2
donor-acceptor (D-A) stoichiometry. Pe-FPC crystallizes in the
triclinic crystal system and belongs to the P1 space group. The
crystal packing is illustrated in Fig. 2a and d and S2.7 In the Pe—
FPC cocrystal, one Pe molecule binds to two FPC molecules,
forming a sandwich-type AP complex via face-to-face stacking
along the [100] direction. The mean interplanar distances are
3.57 A between Pe and FPC with 10.7° fold angle, 3.36 A between
FPC-FPC, and 10.51 A between Pe-Pe. The interactions between
FPC and the perylene donor are characterized by aromatic-
perfluoroaromatic (AP) interactions, distinct from charge
transfer (CT) interactions. Specifically, weak C-H---1 interac-
tions are observed between FPC and the perylene molecule at
a distance of 2.56 A, while C-H-F interactions are present with
the shortest distance of 2.90 A. Furthermore, C-H---N interac-
tions between FPC and perylene are detected at distances of
2.80 A, 2.98 A, and 3.17 A, respectively. These weak but multiple
non-covalent interactions within the cocrystal effectively stabi-
lize the AP complex. The Pe-FMC cocrystal, on the other hand,
crystallizes in the orthorhombic crystal system and belongs to
the Py, space group (Fig. 2b and e and S37). Here, two FMC
molecules sandwich a single Pe molecule, with per-
fluorocarbazole rings and perylene arranged in a face-to-face
stacking configuration. The fold angle of perfluorocarbazole

© 2025 The Author(s). Published by the Royal Society of Chemistry

rings and perylene is 2.7°, with a face-to-face separation of 3.44
A, indicative of m-7 stacking interactions. Alteration of the N-
substituted aryl group in the perfluorocarbazole led to a change
in molecular stacking from 1:2 to 1:1, resembling the
conventional AP cocrystals formed by OFN. In the TP-FPC (1: 1)
cocrystal, TP and FPC molecules alternate to form a column-like
mixed stack (Fig. 2c and f and S47). The extension of these non-
covalent interactions (in Pe-FPC, Pe-FMC, and TP-FPC) within
a 2D plane facilitates the formation of three distinct 2D super-
structure networks.>

The three cocrystals were subsequently prepared in larger
quantities using liquid-assisted grinding (Fig. 3a—c).*® Powder X-
ray diffraction (PXRD) analysis was conducted on the ground
samples to confirm the composition of the complexes. As shown
in Fig. S5,7 the diffraction pattern of the Pe-FPC powder
exhibited new peaks distinct from those of the individual
monomers, and these peaks coincided with those predicted by
the CIF simulation for the Pe-FPC single crystal. This indicates
that a novel crystal structure was formed upon grinding the two
monomers. Using the same approach as for Pe-FPC, the
successful synthesis of Pe-FMC and TP-FPC cocrystals was also
confirmed through PXRD analysis (Fig. S6 and S71).

Further investigation of the non-covalent interaction forces
beyond chemical bonding to reveal the property-structure
relationship were conducted. At the macroscopic level, under

Chem. Sci,, 2025, 16, 13794-13806 | 13797
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Fig.2 Superstructures of Pe—FPC, Pe—FMC, and TP—FPC. Schematic representation of the components and stoichiometric ratios of Pe—FPC (a),
Pe—FMC (b), and TP—-FPC (c). Stacking modes of Pe—FPC (d), Pe—FMC (e), and TP-FPC (f) co-crystals in a 2D plane. For clarity, hydrogen atoms
are omitted. Different colors denote symmetry equivalence. The dashed lines indicate 7+ distances (in A) and dihedral angles.

sunlight, Pe-FPC and Pe-FMC were observed as yellow powders,
while TP-FPC appeared white (depicted in Fig. 3d-f). Upon
exposure to 365 nm UV light, both Pe-FPC and Pe-FMC emitted
greenish-yellow fluorescence, while TP-FPC showed weak fluo-
rescence (Fig. 3g-i). The optical micrographs revealed that the
micro-nano cocrystals predominantly exhibited a 1D rod-like
morphology, with the green and yellow fluorescence typical of
these compounds (Fig. 3j-0). SEM analysis of Pe-FPC (Fig. S87)
indicated that the cocrystal particles aggregated into irregular
clusters, with sizes ranging from 0.2 to 0.6 pm, while Pe-FMC
clusters measured between 0.5 and 1.5 um (Fig. S9%).

13798 | Chem. Sci, 2025, 16, 13794-13806

AP interaction of cocrystals

Fig. 4 illustrates the absorption and fluorescence spectra for the
Pe-FPC, Pe-FMC, and TP-FPC cocrystals. The absorption
spectra of the cocrystals closely resemble the combined
absorption profiles of the donor and acceptor components, with
no significant redshift observed. The absorption of perylene
spans from 240 to 550 nm, while FPC absorbs from 240 to
400 nm (Fig. 4a). In contrast to perylene's emission, Pe-FPC
exhibits a blue-shifted emission peak centered at 523 nm
(Fig. 4d). The fluorescence emission spectrum further supports
the presence of AP interactions while no CT interaction was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Diagram of molecular cocrystals (Pe—FPC (a), Pe—FMC (b), and TP-FPC (c)). Optical photographs of Pe—FPC (d), Pe—FMC(e), and TP-
FPC (f). Photographs of Pe—FPC (g), Pe—FMC (h), and TP—FPC (i) under the illumination of 365 nm UV light. Optical and fluorescent images of
micro-nano crystals: optical (j) and fluorescent images (m) of Pe—FPC, optical (k) and fluorescent images (n) of Pe—FMC, optical (|) and fluo-
rescent images (o) of TP—FPC.

observed. Pe-FMC shows a similar trend in its absorption and AP interactions, can be attributed to the periodic incorporation
emission, with varying degrees of blue shift (Fig. 4b and e). The of the electron acceptors (FPC or FMC) between the donor
blue shift observed in the fluorescence spectra, induced by the molecules through m-m interactions, creating molecular
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barriers. These barriers, formed by FPC acting as a “diluent,”
effectively increase the spatial separation between donors,
significantly minimizing the redshift typically induced by
exciton delocalization.**"> The fluorescence spectra of solid-
state TP-FPC exhibited an even more pronounced blue shift
compared to the monomeric emission due to AP interactions,
including a distinct charge-transfer (CT) absorption band
around 400 nm, which results from THF-assisted, loosely
packed and non-parallel stacking (Fig. 4c and f).®* This feature is
primarily due to electron transfer from TP to FPC. The relatively
low Stokes shifts for Pe-FPC and Pe-FMC suggest the absence
of ground-state CT interactions, indirectly confirming the
presence of AP interactions within these cocrystals. Notably, the
photoluminescence quantum efficiency (PLQE) of Pe-FPC was
determined to be 9.31%, which exceeds the PLQE of the pure Pe
powder (4.6%). This enhancement is rationalized by the peri-
odic insertion of FPC molecules in a 1 : 2 molecular ratio, which
prevents intermolecular interactions and electron transfer
between the arene-perfluoroarene components.*®

Infrared (IR) spectroscopy analysis revealed that the spec-
trum of Pe-FPC is a superposition of the individual spectra of Pe
and FPC, confirming successful cocrystallization (Fig. S10aft).
The electron-rich environment of Pe induces a weakening of the
C-F bond, as evidenced by a shift in the stretching vibration
from 1281 cm™* to 1277 cm ™ *. The Ar-H stretching vibration of
Pe remains unchanged at 3050 cm™". Similarly, in the Pe-FMC
cocrystal, the C-F stretching vibration is also shifted from
1253 em ' to 1250 cm™ ', indicating bond weakening
(Fig. S10bt). In the case of TP-FPC, the Ar-H stretching vibra-
tion undergoes a shift from 3023 cm ™" to 3043 cm ™', attribut-
able to the -7 stacking interactions between the donor and
acceptor units. Furthermore, the C-F stretching vibration shifts
from 1355 cm ™' to 1351 cm ™', indicating a weakening of the
C-F bond due to the electron-rich environment surrounding TP
(Fig. s10ct).

Photocatalytic degradation performance

The photocatalytic activity of the as-prepared AP cocrystals was
evaluated for molecular oxygen activation to produce ROS in
pure water under UV-visible irradiation, without the need for
a sacrificial agent or metal catalyst. In the beginning, Rhoda-
mine B (RhB) was selected as a model water pollutant to assess
the photodegradation efficiency of the photocatalysts. The
photocatalytic degradation experiments were conducted under
a 10 W blue LED (425 nm) light source, where Pe-FPC demon-
strated excellent photodegradation performance. As shown in
Fig. 5a, after 30 minutes dark treatment, Pe-FPC achieved >95%
degradation of RhB within 15 minutes under visible light irra-
diation, while under similar conditions, the Pe and FPC
monomers degraded only 41% and 18% of RhB, respectively.
The corresponding reaction rate constants (k,p) for FPC, Pe, and
Pe-FPC were 0.0183 min~ ', 0.0416 min~*, and 0.175 min*,
respectively, indicating that the photocatalytic rate of Pe-FPC is
9.56 and 4.21 times higher than that of FPC and Pe, respectively
(Fig. 5b). Moreover, after dark treatment for 30 minutes, Pe-
FMC exhibited 95% degradation of RhB within 25 minutes

13800 | Chem. Sci, 2025, 16, 13794-13806
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(Fig. 5¢). In contrast, Pe and FMC degraded only 64% and 19%
of RhB, respectively, under identical conditions (425 nm blue
LED). The corresponding k,j, values for FMC, Pe, and Pe-FMC
were 0.0088 min %, 0.0416 min %, and 0.113 min *, respec-
tively, demonstrating that the photocatalytic rate of Pe-FMC is
15.1 times higher than that of FMC and 3.20 times higher than
that of Pe (Fig. 5d). However, under the same conditions, TP-
FPC degraded only 32% of RhB, a rate that is 14.5 times and 9.3
times lower than that of Pe-FPC and Pe-FMC, respectively
(Fig. 5e and f). Recent photocatalytic materials for the photo-
degradation of RhB are summarized in Table S2.7 Among these,
our Pe-FPC (1:2) cocrystal demonstrates exceptional photo-
catalytic degradation activity. These results confirm that the
incorporation of an additional perfluoroarene to enhance the
internal electric field (IEF) effectively improves photocatalytic
efficiency. Thus, the strategy of increasing the molecular barrier
thickness is shown to be a successful approach for enhancing
photocatalytic performance.

Photocatalysts often face challenges such as rapid deactiva-
tion, poor reusability, difficult recovery, and cleaning issues,
which hinder their widespread application and increase costs.
To assess the long-term stability and reusability of the Pe-FPC
cocrystal, we conducted a series of cycling experiments (Fig. 5g).
Remarkably, the Pe-FPC -catalyst demonstrated excellent
chemical stability, with no significant loss of photocatalytic
activity after seven consecutive cycles. PXRD analysis of the
recovered cocrystal confirmed that its diffraction pattern
remained essentially unchanged after multiple cycles, indi-
cating that the cocrystal structure was preserved and did not
undergo degradation during the repeated catalytic processes
(Fig. 5h). This enhanced stability can be attributed to the
formation of a robust supramolecular network within the coc-
rystal, held together by three types of weak non-covalent inter-
actions: C-H--'F, C-H---N, and C-H:--%. These interactions
contribute to the structural integrity of the cocrystal, effectively
preventing disruption during cycling and ensuring sustained
catalytic activity over extended use.

To assess the versatility of the Pe-FPC cocrystal for the
degradation of various water pollutants, its photocatalytic
performance was also evaluated for the removal of Methylene
Blue (MB) and Eosin B. The results indicated that the cocrystal
photocatalyst exhibited comparable efficiency in degrading
these additional dye pollutants under visible light irradiation.
Kinetic analysis, as shown in Fig. S12 of the ESI,t reveals that
the Pe-FPC photocatalyst facilitated the degradation of MB and
Eosin B at rates similar to those observed for Rhodamine B.
These findings underscore the applicability of the cocrystal
strategy, demonstrating its ability to enhance the photocatalytic
degradation of a range of dye pollutants.

Radical oxygen species detection

The most common active species in photocatalytic degradation
of organic pollutants are photogenerated holes (h*), hydroxyl
radicals ("OH), singlet oxygen ('O,), and hydrogen peroxide
(H,0,). Preliminary evidence for the types of radicals generated
during the photocatalytic process has been obtained through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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radical scavenging experiments. Ascorbic acid (AA), tocopherol,
triethanolamine (TEOA), and ‘BuOH (TBA) were employed as
scavengers for superoxide radicals ("0,~), singlet oxygen (*0,),
photogenerated holes (h") and 'OH, respectively, with a scav-
enger concentration of 10 mM, as commonly described in the
literature.® The addition of triethanolamine (TEOA) resulted in
significant inhibition of the degradation process, indicating
that h' species play a crucial role in the photocatalytic reactions.
The inclusion of ascorbic acid (AA) notably suppressed the
degradation of pollutants, pointing to the involvement of
superoxide radicals ('O, ) in the reaction system. In contrast,
the addition of tocopherol and TBA led to moderate inhibition
of photocatalysis, indicating that singlet oxygen (*O,) and "OH
are generated during the illumination of the cocrystal (Fig. 6a).
Control experiments conducted under a nitrogen atmosphere
confirmed the essential role of O, in the generation of ‘O, and
'0, during photocatalytic degradation (Fig. 6b). To further

© 2025 The Author(s). Published by the Royal Society of Chemistry

identify the active species, electron spin resonance (ESR) spec-
troscopy was employed. Using 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) as a trapping agent, ESR spectra revealed the presence
of "OH signals under light irradiation in the Pe-FPC system,
which is consistent with the results from the radical scavenging
experiments (Fig. 6¢). Meanwhile, significant amounts of H,0,
were detected during the photodegradation process. The
concentrations of H,O, and 'OH in the Pe-FPC system
increased over time, further confirming their involvement in
the degradation of RhB (Fig. 6d and e). The H,0, production
rate of Pe-FPC in deionized water under an air atmosphere was
measured at 2640 pmol h™" ¢!, which is comparable to the
performance of several previously reported photocatalysts for
H,0, production, as summarized in Table S3.1 The synergistic
effects of h", ‘0,7, "OH, 'O,, and H,0, thus effectively
contribute to the degradation of challenging water pollutants,

Chem. Sci., 2025, 16, 13794-13806 | 13801
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demonstrating the robust photocatalytic performance of the
Pe-FPC system.

Carrier separation and transport

To investigate the charge separation and transport mechanisms
following photon absorption, Atomic Force Microscopy (AFM)
was employed to probe the internal electric field (IEF) within the
system. For this purpose, we applied the method utilized by Zhu
et al., which has been successfully used to quantitatively
measure IEF intensity in organic supramolecular systems.** The
IEF is a critical kinetic factor that influences the separation of
photogenerated charge carriers, with its strength directly
correlating to the surface potential. Surface potential
measurements were conducted on both the Pe-FPC cocrystal
and its individual components using AFM coupled with a Kelvin
probe force microscopy (KPFM) technique, as shown in Fig. 6f.
The surface potentials of the individual components, Pe (63 mV)
and FPC (93 mV), were significantly lower than that of the Pe-
FPC cocrystal (187 mV). Notably, the surface potential of Pe-FPC
is approximately three times higher than that of Pe, indicating
a significantly enhanced IEF within the cocrystal. This result
suggests that the cocrystal structure promotes more efficient
charge separation compared to the individual components. For
comparison, in a previous study by Zhu et al, the surface
potential of a 1:1 Pe-OFN cocrystal was approximately twice as
high as that of Pe.** In our case, the surface potential of the Pe—
FPC (1:2) cocrystal is three times as high as that of Pe. This
substantial difference underscores the effectiveness of our

13802 | Chem. Sci, 2025, 16, 13794-13806

design, which involves increasing the perfluoroarene layer
(acting as a m-hole layer) from a single to a double layer by
forming a 1:2 arene-perfluoroarene cocrystal. The additional
perfluoroarene layer increases the dipole interactions between
the ordered w-donor and 7-hole layers, thereby creating a more
pronounced IEF in the Pe-FPC system compared to a 1:1
arene-perfluoroarene cocrystal. This enhanced IEF in the Pe-
FPC (1:2) cocrystal facilitates the efficient separation of pho-
togenerated excitons into free carriers (electrons and holes),
further improving photocatalytic efficiency. This finding is
corroborated by time-resolved fluorescence spectroscopy, which
revealed a significantly lower photoluminescence (PL) lifetime
for Pe-FPC (4.69 ns) compared to Pe (33.77 ns) (Fig. S16t). The
much shorter PL lifetime in the cocrystal suggests that photo-
generated excitons in Pe-FPC are more effectively separated
into charge carriers, promoting higher photocatalytic effi-
ciency.®®® In the electrochemical impedance spectroscopy,
a smaller curvature in the Nyquist plot for Pe-FPC suggested
a reduced charge transport resistance relative to the individual
cocrystal monomers (Fig. S191). In conclusion, our results
validate the hypothesis that increasing the number of molecular
barrier layers to enhance the IEF is a successful strategy. The
introduction of a second perfluoroarene layer in the Pe-FPC (1 :
2) cocrystal effectively promotes charge separation, leading to
enhanced photocatalytic efficiency. This strategy opens new
avenues for designing high-performance photocatalysts for
energy and environmental applications.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The control experiments®

o Pe-FPC o
o 425 nm LEDs /\C?)(
HO/\U/Z(H 0y, H;0 oL on

HMF HMFCA
Entry Variations Conv. (%) Y (%)
1 — 95 74
2 12 h 98 92
3 Air, 24 h 95 90
4 N,, 12 h 5 Trace
5 No light, 12 h 10 Trace
6 No cocrystal, 12 h 10 Trace
7 Pe (4.1 mg), 12 h 50 40
8 FPC (4.1 mg), 12 h 10 Trace
9 H,0, (3 equiv.) 60 60
10 24 h 99 60
11 80 °C 99 35
12 Na,CO; 99 20
13 K,COs 99 20

¢ HMF (0.2 mmol), Pe-FPC (4.1 mg), O, (1 atm), H,O (1 mL), 425 nm
blue LEDs, 10 W, rt, 6 h. The conversion and yield were determined
by GC.

Photocatalytic oxidation performance

To further assess the practical application potential of the Pe-
FPC cocrystal in organic synthesis under aqueous conditions,

Table 4 The substrate scope of aldehydes”

View Article Online

Chemical Science

its photocatalytic activity was evaluated in the oxidation reac-
tion of 5-hydroxymethylfurfural (HMF). HMF is regarded as
a top biomass-derived building block for producing valuable
products, with  5-hydroxymethyl-2-furancarboxylic  acid
(HMFCA) being one of the key products of HMF oxidation.
HMFCA is an important biomass-based furan compound with
widespread applications, notably as a renewable monomer in
the synthesis of polyesters. Initially, HMF was used as the
substrate, with the Pe-FPC cocrystal serving as the photo-
catalyst under an oxygen atmosphere in water. After 6 hours,
HMFCA was obtained with a 74% GC yield (Table 3, entry 1).
Prolonging the reaction time to 12 hours resulted in a yield of
92% (entry 2). The effect of the gaseous environment was then
studied using both air and nitrogen atmospheres. Under air, the
reaction achieved an 85% yield after 24 hours, whereas, under
nitrogen, no conversion of the substrate was observed, high-
lighting the critical role of oxygen in the reaction (entries 3, 4).
When no light or catalyst was applied, the reaction barely pro-
ceeded (entries 5, 6). Using the monomers, perylene or FPC, as
catalysts resulted in only 40% and trace yields, respectively
(entries 7, 8), demonstrating that the cocrystal catalyst is far
more effective than the monomers alone. Replacing molecular
oxygen with hydrogen peroxide (H,0,) as the oxidant resulted in
lower conversion and a decrease in product yield (entry 9), and
extending the reaction time to 24 hours decreased the yield
further to 60%, accompanied by the formation of over-oxidized
products (entry 10). Increasing the reaction temperature to 80 °

Pe-FPC
425 nm LEDs

R-CHO

COOH

©/COOH

6a, 85%

QCOOH
i-Pr

3

6b, 92%

COOH

&

6e, 95%" 6f, 96%
F300\©/COOH /@/COOH
F
6i, 85% 6j, 85%
COOH F30\©/000H
Br
6m, 82%" 6n, 87%
©|/\Nj/COOH | ~COOH
P
Z N
6q, 92%° 6r, 93%"°

/\/\/\
CooH ™7 cooH

6u, 65% 6v, 73%

Oy, HO, 1t

R-COOH

\©/COOH @C)OOH

6c, 95% 6d, 84%

/©/COOH
MeO

69, 89%

/©/COOH /©/COOH
Cl Br

6k, 70%°

COOH 0_coon
2!

6p, 92%

><COOH

6t, 88%

MeO COOH

MeO
6h, 66%

61, 60%°

60, 93%°

S\_COOH
\_/

6s, 86%b

“ 5 (0.2 mmol), Pe-FPC (4.1 mg), O, (1 atm), H,O (1 mL), 425 nm blue LEDs (10 W), rt, 12 h, and isolated yields. > NaOH (1 equiv.). * NaOH (1 equiv.),

80 °C.
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C or introducing bases (Na,COj3, K,CO3) also led to the forma-
tion of over-oxidized products (entries 11-13).

Subsequently, the substrate scope of the aldehyde-to-
carboxylic acid oxidation catalyzed by Pe-FPC was explored.
As shown in Table 4, various benzaldehyde derivatives,
including para-methyl, meta-methyl, ortho-methyl, para-iso-
propyl, and 3,4-dimethyl benzaldehydes, exhibited good reac-
tivity, producing the corresponding carboxylic acids in yields
ranging from 84% to 96% (6a-6f). Electron-donating groups,
such as para-methoxy (6g), 3,4-dimethoxy (6h), and meta-tri-
fluoromethoxy (6i) substituted benzaldehydes also showed good
reactivity, yielding the target products in the range of 66-89%.
Halogen-substituted benzaldehydes, including para-fluoro,
para-chloro, para-bromo, and ortho-bromo derivatives (6j-6m),
afforded the corresponding products in yields of 60-85%.
Electron-withdrawing groups, such as meta-trifluoromethyl (6n)
and para-nitro (60) benzaldehydes, produced their respective
oxidation products with yields of 87% and 93%. Heterocyclic
compounds such as HMF (6p) were also well-suited for the
reaction, resulting in a high yield of 92%. However, quinoline
(6q) and pyridine (6r) substrates did not hinder the reactivity,
producing the corresponding products in yields of 92% and
93%, respectively. Thiophene (6s) also gave a good yield of 86%.
Furthermore, aliphatic aldehydes such as pivaldehyde (6t),
heptaldehyde (6u), and decaldehyde (6v) were successfully
oxidized to their corresponding carboxylic acids with good to
high isolated yields ranging from 65% to 88%. These results
demonstrate the broad substrate scope and high reactivity of
the Pe-FPC cocrystal in catalyzing the oxidation of aldehydes to
carboxylic acids, highlighting its promising potential for
applications in biomass conversion and organic synthesis.

The active species involved in the photocatalytic oxidation
reactions were further analyzed using Electron Paramagnetic
Resonance (EPR) spectroscopy. As shown in Fig. 7a, after 10

minutes of illumination, a distinct resonance peak
A |DMPO(eOH), light b TEMPO —— light
: 200 — durk
g 10 min ; 100 J/l/w
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2 2
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Fig. 7 Photocatalytic aerobic oxidation reaction mechanism. (a) EPR
spectra of *OH (DMPO) under illuminations of 10 min and 0 min in O,
atmosphere. (b) EPR spectra of h* (TEMPO) under dark and light
conditions. (c) Diagram of the proposed photocatalytic process.
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corresponding to the hydroxyl radical ("OH) was observed.
Based on previously reported photodegradation mechanisms
involving H,0,,"" we hypothesize that superoxide radicals ('O, ")
and singlet oxygen ('0,) are generated in the reaction system
but persist only briefly before rapidly converting into "OH and
H,0,. Furthermore, the observed decrease in the TEMPO
radical signal under illumination provides additional evidence
for the presence of photogenerated holes (h'), despite some
variations due to restricted motion (Fig. 7b).*” Based on mech-
anistic investigations, we propose a reaction mechanism
(Fig. 7c). Under irradiation, molecular oxygen (O,) is reduced by
the cocrystal catalyst to generate "O,~, which can subsequently
undergo a two-step single-electron reduction pathway to form
H,0,. The H,0, then decomposes efficiently to yield ‘OH,
which, along with ‘0,7, '0,, and H,0,, contributes to the
overall photocatalytic degradation of pollutants in water.
During the oxidation reaction, benzaldehyde interacts with O,
to generate benzoyl radicals and the corresponding hydro-
peroxyl radical ("HO,). The benzoyl radicals further react with
"OH, ultimately leading to the formation of the carboxylic acid
product. These results highlight the crucial role of reactive
oxygen species (ROS) in facilitating the photocatalytic oxidation
process and confirm the effectiveness of the Pe-FPC cocrystal
catalyst in promoting oxidation reactions under visible-light
irradiation.

Conclusions

We successfully designed and synthesized a series of novel
perfluorocarbazole derivatives via a Pd-catalyzed cascade C-Br/
C-F amination reaction. These compounds expand the per-
fluoroarene library, offering versatile building blocks for con-
structing arene-perfluoroarene cocrystals. Three cocrystals—
Pe-FPC (1:2), Pe-FMC (1:2), and TP-FPC (1:1)—were fabri-
cated, with their structures confirmed by single-crystal X-ray
diffraction. Notably, the 1:2 arene-perfluoroarene cocrystal is
arare achievement in this field. The cocrystals were synthesized
in larger quantities using liquid-assisted grinding. The Pe-FPC
(1:2) cocrystal demonstrated exceptional photocatalytic
activity, activating molecular oxygen to generate reactive oxygen
species (ROS) in pure water under visible light irradiation,
without the need for a sacrificial agent or metal catalyst. It
effectively degraded RhB, MB, and Eosin B, maintaining
stability over seven cycles. The cocrystal's stability is attributed
to its intermolecular interactions, such as C-H:- 7, C-H:-F,
and C-H---N. Additionally, this study marks the first use of
cocrystals in organic transformations, where Pe-FPC catalyzed
the oxidation of various aromatic and aliphatic aldehydes to
carboxylic acids, outperforming traditional small-molecule
aqueous-phase catalysts. Mechanistic studies reveal that the
synergistic effects of h*, ‘0%~ *OH, '0,, and H,0, are crucial for
the photoinduced oxidation process. The Pe-FPC (1:2) cocrys-
tal exhibited a high H,0, production yield of 2640 umol h™* g~*
in deionized water under air, further supporting its photo-
catalytic performance. Surface potential measurements showed
that Pe-FPC's surface potential is approximately three times
higher than that of Pe, indicating a significantly enhanced

© 2025 The Author(s). Published by the Royal Society of Chemistry
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internal electric field (IEF), which promotes the efficient sepa-
ration of photogenerated excitons into free carriers. This was
corroborated by time-resolved fluorescence spectroscopy, which
revealed a much shorter photoluminescence (PL) lifetime for
Pe-FPC (4.69 ns) compared to Pe (33.77 ns), signifying more
efficient charge separation and higher photocatalytic efficiency.
These findings confirm that increasing the number of per-
fluoroarene layers to enhance the IEF is an effective strategy for
improving photocatalytic performance. The introduction of
a second perfluoroarene layer in Pe-FPC (1:2) successfully
promotes charge separation, opening new avenues for
designing high-performance photocatalysts for energy and
environmental applications.
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